Dreissenid mussels have been regarded as a "dead end" in Great Lakes food webs because the degree of predation on dreissenid mussels, on a lakewide basis, is believed to be low. Waterfowl predation on dreissenid mussels in the Great Lakes has primarily been confined to bays, and therefore its effects on the dreissenid mussel population have been localized rather than operating on a lakewide level. Based on results from a previous study, annual consumption of dreissenid mussels by the round goby (Neogobius melanostomus) population in central Lake Erie averaged only 6 kilotonnes (kt; 1 kt = one thousand metric tons) during 1995-2002. In contrast, our coupling of lake whitefish (Coregonus clupeaformis) population models with a lake whitefish bioenergetics model revealed that lake whitefish populations in Lakes Michigan and Huron consumed 109 and 820 kt, respectively, of dreissenid mussels each year. Our results indicated that lake whitefish can be an important predator on dreissenid mussels in the Great Lakes, and that dreissenid mussels do not represent a "dead end" in Great Lakes food webs. The Lake Michigan dreissenid mussel population has been estimated to be growing more than three times faster than the Lake Huron dreissenid mussel population during the 2000s. One plausible explanation for the higher population growth rate in Lake Michigan would be the substantially higher predation rate by lake whitefish on dreissenid mussels in Lake Huron.
Introduction
Dreissenid mussels invaded the Laurentian Great Lakes from the late 1980s through the 1990s (Nalepa et al., 2005) . The dreissenid mussel invasions in Lakes Michigan, Huron, Erie, and Ontario have been linked to declines in the abundance of the amphipod Diporeia, although the mechanism by which the mussels are negatively affecting Diporeia abundance remains unidentified. Decreases in lake whitefish (Coregonus clupeaformis) condition and growth in Lakes Michigan, Huron, and Ontario have been attributed, at least in part, to the Diporeia abundance declines (Nalepa et al., 2005) . In addition, the dreissenid mussel invasions of the Great Lakes have been associated with other changes in the benthic macroinvertebrate community structure as well as changes in the zooplankton community (Haynes et al., 1999; Johannsson et al., 2000) . Further, Hecky et al. (2004) proposed that dreissenid mussels act as ecosystem engineers responsible for a nearshore phosphorus shunt. In their conceptual model, dreissenid mussels redirected energy and nutrients such as phosphorus to the nearshore zone, while offshore phosphorus remained low.
Several ecologists have regarded dreissenid mussels as a "dead end" in Great Lakes food webs because the degree of predation on dreissenid mussels, on a lakewide basis, is believed to be limited (Arney and Grubbs 2001; Environment Canada and U. S. Environmental Protection Agency 2003) . Diving ducks, such as the greater scaup (Aythya marila), lesser scaup (Aythya affinis), and white-winged scoter (Melanitta deglandi), do feed on dreissenid mussels in bays and selected nearshore areas of Lake Erie during the fall, but their predation effects are quite localized (Mitchell et al., 2000) . Further, this predation effect was found to be temporary, because the dreissenid mussel population had the ability to recover from the predation by the following fall (Mitchell et al., 2000) . Bunnell et al. (2005) used bioenergetics modeling to estimate annual consumption of dreissenid mussels by the round goby (Neogobius melanostomus) population in the central basin of Lake Erie during 1995-2002. Because annual consumption averaged only 6 kilotonnes (kt; 1 kt = one thousand metric tons), which was more than 100 times lower than the standing stock biomass estimate of dreissenid mussels in central Lake Erie, Bunnell et al. (2005) concluded that round gobies were having a minimal effect on dreissenid mussel population dynamics in central Lake Erie.
During the 2000s in Lakes Michigan and Huron, dreissenid mussels have become an important component of lake whitefish diet, representing up to 80% of the diet for some age groups (Pothoven and Madenjian 2008) . Lake whitefish is one of the most abundant benthivores in Lakes Michigan and Huron (Nalepa et al., 2005) . Therefore, we may expect a relatively strong trophic link between dreissenid mussels and lake whitefish within these two lake ecosystems.
As a consequence of the 2000 Consent Decree between the Chippewa Ottawa Resource Authority and the State of Michigan, an opportunity now exists to estimate the degree of predation on dreissenid mussels by lake whitefish populations in Lakes Michigan and Huron. One of the actions taken under the 2000 Consent Decree was to begin applying statistical catch-at-age (SCAA) models to the lake whitefish populations in both lakes in order to better manage the fisheries (Ebener et al. ,2005) . Application of the SCAA models requires an intensive, multiagency effort each year to summarize the various types of fishery data for each of the management units and then integrate these data into the SCAA models to generate estimates of population sizes and biomasses by age, age-specific total mortalities, and age-specific fishing mortalities. A bioenergetics model for lake whitefish has been evaluated, and then modified to improve the accuracy of predictions of food consumption .
In sum, the data and appropriate modeling tools needed to estimate consumption of dreissenid mussels by lake whitefish populations in Lakes Michigan and Huron are now available.
The primary objective of this study was to estimate annual consumption of dreissenid mussels by lake whitefish populations in Lakes Michigan and Huron. The secondary objective of this study was to discuss the potential for lake whitefish predation to slow the population growth rate of dreissenid mussels.
Methods
For each of the lake whitefish management units in Lakes Michigan and Huron, an SCAA model was fitted to lake whitefish fishery data, provided that the fishery data were sufficient for model application (Ebener et al., 2005) . The lake whitefish management units in Lake Michigan with sufficient data for SCAA model applications included WFM-00, WFM-01, WFM-02, WFM-03, WFM-04, WFM-05, WFM-06, and WFM-08 (Fig. 1) . The lake whitefish management units in Lake Huron with sufficient data for SCAA model applications included WFH-01, WFH-02, WFH-04, WFH-05, QMA 4-2, QMA 4-3, QMA 4-4, QMA 4-5, QMA 4-7, QMA 5-8, QMA 5-9, and QMA 6-1. Estimates of population sizes by age and age-specific mortalities were generated from each SCAA model application, and growth trajectories were estimated from the commercial catch and fishery-independent data. Each SCAA model application yielded population size estimates and mortality estimates for each of years of fishery data included in the model application. Diet data for lake whitefish from Lakes respectively. To match lake whitefish population parameters to the available diet data, we determined the average population parameters over the abovementioned time periods for each of the management units in the two lakes. We then used the average population parameters to estimate annual consumption by the lake whitefish. Some sections of each lake were not included in any of the management units that were modeled in our study (Fig. 1) .
To estimate annual consumption by lake whitefish, we used the modified version of the Wisconsin lake whitefish bioenergetics model . Lake whitefish diet composition data, lake whitefish energy densities, energy densities of lake whitefish prey, and water temperature regimes experienced by lake whitefish were taken from our previous studies on lake whitefish feeding, growth, and energy density Pothoven et al., 2006; Pothoven and Madenjian 2008) . For each combination of management unit and lake whitefish age, the lake whitefish bioenergetics model was coupled with the pertinent lake whitefish population parameters to estimate annual consumption of dreissenid mussels. Our estimates of annual consumption of dreissenid mussels were expressed on a wet-weight basis and included dreissenid mussel shells.
For both Lake Michigan and Lake Huron, we summed the annual consumption estimates across all combinations of lake whitefish age and management unit. The sum was then multiplied by a scaling factor to estimate annual consumption of dreissenid mussels by lake whitefish for the entire lake. The scaling factor was equal to the total surface area of the lake divided by the surface area of all of the management units in the lake that were modeled for our study. Thus, we assumed that lake whitefish density in the management units used in this study was similar to that outside these management units.
Comparison of commercial trap net catch per unit effort data between the management units included in our study and other areas of the lake indicated that this assumption was valid. For example, commercial trap net catch per unit effort in WFH-03, a management unit lacking an SCAA model, averaged 162 ± 36 kg per lift ( ± 95% confidence interval) during 1998-2005; this average was very similar to the mean of commercial trap net catch per unit effort of 164 ± 26 kg per lift obtained by pooling data for WFH-02 and WFH-04, which were management units with SCAA models, over the same time period (M.PE, unpublished data). Management unit WFH-03 was bordered by management unit WFH-02 on the north and by management unit WFH-04 on the south (Fig. 1) . Scaling factors for Lakes Michigan and Huron were 2.5 and 1.9, respectively.
We estimated 95% confidence intervals about the lakewide annual consumption estimates by computing the mean of the 95% confidence interval half-width for population size (as derived from the SCAA model applications) divided by the population size across all combinations of management unit, lake whitefish age, and year. This mean quotient was then applied to the lakewide annual consumption estimate to estimate its 95% confidence interval. Given that the bulk of the error in bioenergetics model estimates of lakewide consumption stems from error in estimating population size (Stewart et al., 1983) , this approach was appropriate. Nevertheless, our estimates of the 95% confidence intervals represented conservative estimates of the error around our consumption estimates, because we did not take into account all of the sources of error associated with estimating annual consumption of dreissenid mussels by the lake whitefish populations. Further, our procedure to average relative errors across all combinations of management unit, lake whitefish age, and year to estimate the 95% confidence interval around the lakewide annual consumption estimate for each lake was ad hoc.
We also calculated lakewide biomass of lake whitefish, by age, in Lake Michigan during 1998-2005 and Lake Huron during [2002] [2003] [2004] by summing biomass across the management units for each combination of lake and age, and then multiplying the sum by the appropriate scaling factor. These lakewide biomass estimates represented the average lakewide biomass, by age, in Lake Michigan during 1998-2005 and the average lakewide biomass, by age, in Lake Huron during [2002] [2003] [2004] . Analogously, we calculated lakewide annual consumption of dreissenid mussels by lake whitefish for each of the lake whitefish ages in Lake Michigan and in Lake Huron by summing annual consumption across the management units for each combination of lake and age and then multiplying the sum by the appropriate scaling factor.
Results and discussion
Population modeling results indicated that, for most ages, lakewide biomass of lake whitefish in Lake Huron was more than twice as high as lakewide biomass of lake whitefish in Lake Michigan (Fig. 2) . Coupling the SCAA model estimates of the lake whitefish population parameters with the modified lake whitefish bioenergetics model revealed that lakewide annual consumption of dreissenid mussels was roughly five to ten times higher in Lake Huron than in Lake Michigan for each of the lake whitefish ages (Fig. 3) .
Summing the lakewide annual consumption estimates across all ages for each of the lakes yielded annual consumption estimates of dreissenid mussels by lake whitefish populations in Lakes Michigan and Huron of 109 and 820 kt, respectively (Fig. 4) . Thus, annual consumption of dreissenid mussels by the lake whitefish population in Lake Huron was nearly eight times greater than that for the Lake Michigan lake whitefish population. Reasons for the substantially higher consumption rate in Lake Huron compared with Lake Michigan were threefold. First, based on the SCAA model applications, the estimated lakewide biomass of age 3 and older lake whitefish in Lake Huron (129 kt) was 2.4 times greater than that in Lake Michigan (53 kt). Second, the proportion of dreissenid mussels in the diet of lake whitefish from Lake Huron (0.68) was higher than that in Lake Michigan (0.37). Third, specific consumption rates for Lake Huron lake whitefish were substantially higher than those for Lake Michigan lake whitefish, owing to energy density of the diet of Lake Huron lake whitefish being less than that for Lake Michigan lake whitefish (Pothoven and Madenjian 2008) .
We conclude that dreissenid mussels are not a "dead end" in Great Lakes food webs. Our estimates of annual consumption of driessenid mussels by lake whitefish populations in Lakes Michigan and Huron far exceeded the previously published estimate of annual consumption of dreissenid mussels by the round goby population in central Lake Erie. Given that the standing stock estimate of dreissenid mussels in Lake Huron during 2003 was comparable to the standing stock estimate of dreissenid mussels in central Lake Erie during the early 2000s (Nalepa et al., 2009) , the predation effect exerted by lake whitefish on dreissenid mussels in Lake Huron appeared to be far greater than the predation effect exerted by round gobies on dreissenid mussels in Lake Erie. Clearly, based on our bioenergetics model application, substantial amounts of energy flow from dreissenid mussels to lake whitefish populations in both Lake Michigan and Lake Huron each year.
Although predation on dreissenid mussels in the Great Lakes has been documented for diving ducks, freshwater drum (Aplodinotus grunniens), yellow perch (Perca flavescens), and round goby (French 1993; Morrison et al., 1997; Mitchell et al., 2000; Bunnell et al., 2005) , our study was the first to elucidate a strong trophic link between dreissenid mussel populations and lake whitefish populations in the Great Lakes. To the best of our knowledge, the only previous estimate of annual consumption of dreissenid mussels by a predator population in the Great Lakes, on a basinwide or lakewide level, was the estimate of 6 kt for round gobies feeding on dreissenid mussels in the central basin of Lake Erie by Bunnell et al. (2005) . Our bioenergetics model estimates suggested that, on a lakewide level, lake whitefish was a more important predator on dreissenid mussels than round goby in the Great Lakes. Nevertheless, findings by Lederer et al. (2008) suggested that round goby predation on dreissenid mussels could have a significant effect on dreissenid mussel abundance in the littoral zone of Green Bay of Lake Michigan.
One plausible explanation for the faster rate of increase of the dreissenid mussel population size in Lake Michigan, compared with that in Lake Huron, would be that the substantially higher rate of predation by lake whitefish on dreissenid mussels in Lake Huron has slowed the dreissenid mussel population growth rate in Lake Huron. Both lakes were invaded by dreissenid mussels at the same time. Nalepa et al. (2009) calculated a dreissenid mussel population growth rate in Lake Huron during the 2000s of only 13% per year, in contrast to an estimated population growth rate of 45% per year in Lake Michigan during the 2000s. In 2005, dreissenid mussel density in Lake Michigan was estimated to be more than ten times higher than that in Lake Huron (Nalepa et al., 2009) . We estimated that lake whitefish predation rate on dreissenid mussels in Lake Huron was about eight times higher than that in Lake Michigan.
To capture the dynamics of Great Lakes food webs, food web models will need to incorporate the dreissenid mussel-lake whitefish trophic link. To investigate the effects of dreissenid mussels and other recent invaders on Great Lakes ecosystems, development and exercising of food web models have been proposed (T. Johnson, Ontario Ministry of Natural Resources, Glenora Fisheries Station, 41 Fish Hatchery Lane, R.R.#4, Picton, ON K0K 2T0, Canada, personal communication). Our findings have provided ample justification for inclusion of the dreissenid mussel-lake whitefish trophic link in these modeling efforts. Fig. 3 . Estimates of lakewide annual consumption of dreissenid mussels by lake whitefish in Lake Michigan during 1998-2005 and in Lake Huron during 2002-2004, by age. A lake whitefish bioenergetics model was coupled with statistical catch-at-age (SCAA) models for lake whitefish populations (Ebener et al., 2005) to estimate lakewide annual consumption of dreissenid mussels in both lakes. The 9+ designation included all lake whitefish of age 9 and older. Fig. 4 . Estimates of annual consumption of dreissenid mussels by the lake whitefish population (age 3 and older fish) in Lake Michigan during 1998-2005 and by the lake whitefish population (age 3 and older fish) in Lake Huron during [2002] [2003] [2004] . A lake whitefish bioenergetics model was coupled with statistical catch-at-age (SCAA) models for lake whitefish populations (Ebener et al., 2005) to estimate lakewide annual consumption of dreissenid mussels in both lakes. In addition, 95% confidence intervals were included for lake whitefish consumption estimates.
